The lithium-ion cell has been successively improved with adoption of new cathode electrochemistries, from LiCoO 2 to highercapacity LiNi 1−x Co x O 2 to lower cost LiNi 1−x Co x O 2 . The addition of conductive additives to cathode materials has been demonstrated to improve each type. Four systems have emerged as important cathodes in recent studies: ͑i͒ the spinel LiMn 2 O 4 , ͑ii͒ LiFePO 4 , ͑iii͒ the "Gen 2" material, Li͑Ni 0.8 Co 0.15 Al 0.05 ͒O 2 , and ͑iv͒ the Li͑Ni 1/3 Co 1/3 Mn 1/3 ͒O 2 system. The architectures of model composite cathodes were generated using our prior approach in simulating packing of polydisperse arrangements; conductivity was then simulated for several realizations of each case. A key finding was that the conductive coatings significantly improve overall conductivity. Percolation was achieved for the volume fraction of active material ͑Ն30%͒ in studied cases, which was larger than the percolation threshold ͑29%͒ for a 3D spherical particulate system. Neither surface nor bulk modifications of active-material particle conductivities seem desirable targets for improvement of laminate conductivity at present. As part of future work, trade-offs between conductivity and capacity will be considered.
The lithium-ion cell has been successively improved incrementally with adoption of new cathode electrochemistries, from LiCoO 2 1 to higher-capacity LiNi 1−x Co x O 2 2-4 to lower cost LiNi 1−x Co x O 2 . 5, 6 However, capacity fade and/or uncontrolled generation of flammable gases during operation remain persistent problems. The addition of conductive additives to cathode materials has been demonstrated to improve capacity, via reduction of internal resistance, and cyclability.
Typical materials ͑Table I͒ [7] [8] [9] [10] [11] [12] [13] [14] include carbon black ͑as an additive or a coating on cathode particles or current collectors͒ and graphite nonaqueous ultrafine carbon ͑UFC͒ suspensions. Selection of optimal combinations of conductive additives, though, remains challenging, as choices of materials and architectures have grown dramatically.
Gains have been achieved using multiple schema for loading with conductive additives, as summarized by Fig. 1 . 15 Performance has been improved by several measures in different systems. But the relative gains in addition of additives, including methods by which they can be added, have not been studied, though measurement of conduction has improved. 16 Four systems have emerged as important cathodes in recent studies ͑Table II͒: ͑i͒ the spinel LiMn 2 O 4 , 17, 18 ͑ii͒ LiFePO 4 , 19, 20 ͑iii͒ the "Gen 2" material, Li͑Ni 0.8 Co 0.15 Al 0.05 ͒O 2 , put forward by the Department of Energy's Advanced Technology Development program based at Argonne National Laboratories, 21, 22 and ͑iv͒ the "1/3, 1/3, 1/3" system, Li͑Ni 1/3 Co 1/3 Mn 1/3 ͒O 2 .
23, 24 The strengths of these systems include, respectively, lost cost, high rate ͑LiMn 2 O 4
17,18
͒; low cost, high energy density ͑LiFePO 4 ; 19, 20, 25 ͒, high energy, high power ͓Li͑Ni 0.8 Co 0.15 Al 0.05 ͒O 2 , 21, 22 ͔; and high energy, high capacity, and good cycle performance ͓Li͑Ni 1/3 Co 1/3 Mn 1/3 ͒O 2 , 23, 24 ͔. Achievement of sufficient conductivity first requires attainment of percolation in a conductive phase, 26 -28 a problem studied extensively for anode materials and generically for a variety of shapes of particles. [29] [30] [31] [32] There have also been published studies of specific cathode materials and loading schema. 12, 33 Both particle shape and loading type are required in order to identify percolation onset and optimize addition of conductive particles by type and method beyond the percolation point. Even percolation onset is strongly affected by relatively minor changes in particles shape; for example, the percolation threshold is reduced from 30 to 10% as particle aspect ratio ͑a/c, a is the major axis length and c is the minor axis length of the ellipsoid͒. Domain length to particle diameter ͑L/D͒ increases from 1 to 6. 29 It can thus be presumed that alterations in loading method have a similarly strong effect on percolation onset and overall conductivity. However, the conductance of gap regions, as opposed to simple bulk conduction, must also be modeled and mapped to experimental findings. Additionally, methods are needed to incorporate the polydisperse, multiphase materials already in use, in order to reduce costly experimentation.
Our present study was focused on the four electrochemistries mentioned earlier: LiFePO 4 ͑Hydro-Quebec, Inc., Quebec, Canada͒, LiMn 2 O 4 ͑Toda Co. Ltd., Japan͒, Li͑Ni 0.33 Co 0.33 Mn 0.33 ͒O 2 ͑Seimi Chemical Co. Ltd, Kanagawa, Japan͒, and Li͑Ni 0.8 Co 0.15 Al 0.05 ͒O 2 ͑Fuji Chemical Industry Co., Ltd.͒. The carbon black ͑Shawinigan͒ or graphite ͑SFG-6͒ was used as conductive additive. Poly͑vi-nylidene fluoride͒ ͑PVDF, Kureha͒ was used as binder. Particle sizes and mass densities for each material are listed in Table III . [34] [35] [36] We had two main objectives with the present work: ͑i͒ to predict the conductivity of cathodes with different amounts, types, and architectures of conductive additives and active materials and ͑ii͒ to identify the best blends of active materials, conductive additives, and binder to achieve the highest conductivity among combinations studied.
Methods
Conduction experiments in our prior work 31 and others 36 have established baseline conductivities of materials. For packed particle arrangements, our prior model for packing 32 was used to construct the polydisperse structures of the model cathode systems, following classic and more recent work on numerical simulation of complex structures. 32, [37] [38] [39] [40] [41] A voxelated finite element method was used to determine the effective conductivity of the multiphases networks in order to meet our second objective of determining best blends of conductive additives among those studied. Experimental.-Measurement of conductivity.-Electronic properties of cathode materials have not been widely reported. Importantly, it has been established in the presently studied cathode materials that manufacturing methods affect conductive properties. 42, 43 The materials studied were prepared and tested for their conductive properties. This approach was designed to reduce variability and allow application of classic theory in conduction to determine conductivity of the bulk phase.
Powders of active materials were placed into a round die of inner diameter 12.72 mm and compressed with a force of 9.8-29.4 kN at 25°C for 5 min to achieve various densities using Carver Laboratory Press model 2699. Pellet densification reduces particle separation distance and gap resistance 44 and generally is used to improve the accuracy of measured bulk conductivity.
The conductivity of a pellet was measured using an inline fourpoint-probe technique. 31 A schematic of the experiment is shown in Fig. 2 . A current was delivered and withdrawn from the outer two probes; the voltage difference was measured from the inner two probes. The current source was a 1.2 V AAA NiMH battery ͑Radio Shack͒ in series with resistance of 11 M⍀. A Keithley 6517 A electrometer and an HP 34401 A multimeter were used to measure the current and the voltage, respectively. The conductivity of the pellet was calculated 45 via
where e is the conductivity of the pellet in S/mm, t is the thickness of the pellet in mm, I is the current measured in amps, and V is the voltage measured in V. Equation 1 is valid for a single-layer specimen. For porous materials, Bruggeman 46 classically found that the effective conductivity, e , is related to the bulk conductivity, 0 , and the volume fraction of the solid phase, , as e = 0 ␣ where ␣ = 1.5 ͓2͔
where ␣ is the Bruggeman exponent, a curve-fitting parameter for experimental results. Volume fraction is calculated from
where D P and D B are the density of pellet and density of bulk material, respectively, whereupon bulk conductivity is determined directly.
Measurement of particle shape and size.-Particle size distributions ͑PSD͒ were quantified using a Beckman Coulter LS230 laser diffraction particle size analyzer, with a measurement range between ϳ0.04 and 2000 m. Sample powders of 0.05-0.10 g were mixed with 100 mL distilled water beaker where 5 drops Darvan C were used as a dispersant; uniformity was achieved with approximately 15 min of ultrasonic mixing.
Simulations.-Packing algorithm.-The architecture of the composite cathode, comprised of active material, graphite, carbon black, and PVDF, was generated using our prior approach. 32 The general procedure is summarized briefly as follows. Sizes and numbers of particles in each phase, as determined by the PSD and designated volume fraction, were initially placed randomly in a representative volume. Particles were simulated as spheres, ellipsoids, or coated objects. Repulsive forces between particles were applied to correct initial overlaps.
During the Li-ion cell preparation, all constituents were fully mixed, leaving, presumably, active material particles coated with composites of PVDF and carbon black. Carbon black particles are typically 10-90 nm 47 in diameter; the typical aggregate size of carbon black is 100-300 nm, 47 though the primary aggregate may fracture during mixing. 47 Thus, a mixture of carbon black and polymer binder was approximated as a coating surrounded other particles, as shown in Fig. 3 . This also allowed creation of simulations that were identical to experimental volume fractions.
Periodic boundary conditions and the collision algorithm were applied to achieve computational efficiency and fidelity to experimental conditions. The representative volume in this study was set to 1 ϫ 1 ϫ 2 unit 3 . Periodic boundary conditions were assigned in the x and y directions to reduce the size of the simulation domain. The length of the representative volume in the z direction was set at a minimum of twice the length of each of the other two directions because of the lack of a periodic boundary in that direction. The collision process was terminated when the total volume fraction of the unit volume in the middle portion of the representative volume in the z direction was equal to the assigned volume fraction.
Relative sizes of materials are illustrated in Table III . The radius of active materials was set to 0.15 of the representative volume; the semi-axes of graphite were dependent upon the size of active materials. The graphite was represented as a disklike ellipsoid with aspect ratios a/b, a/c, and b/c ͑a, b, and c are the length of three semi-axes͒ set to 1, 7.4, and 7.4, respectively. The mixture of the carbon black and PVDF was simulated as a coating around the active material and graphite particles. Table IV lists factors ͑volume fraction of active material, porosity, graphite, and ratio of PVDF and carbon black͒ and levels of each. The volume fraction of carbon 
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Conductivity modeling.-The active material and conductive additives particle aggregates are separated by an interfacial polymer layer. This feature is generally attributed to the occurrence of a tunneling effect through the insulating polymer. Combined with the conduction percolation through the aggregates, this phenomenon is known as "tunneling percolation." 47 The tunneling effect between paired particles can be simulated with assignment of a gap resistance. The value of this gap resistance depends on contact pressure, distance, and material properties of the contacting particles and polymer interface. 44 ln the cases studied here, the gap resistance was assumed to be zero, since cathodes were usually prepared with application of high compression pressure to reduce the distance among the packed particles, and the mixture of carbon black and PVDF served as coating around the particles binding particles directly. The current between contact surfaces is defined by
where i is the current in amps, V a and V b are the electrical potentials on the points of both side of the contact surfaces in V, and R is the gap resistance in ⍀. Bulk conductivities of different active materials measured from experiments were assigned to corresponding phases. Figure 4 shows the conductivities of mixtures of carbon black and PVDF. In simulations, the conductivities of PVDF and carbon black were assigned three levels, as shown in Table IV , depending upon the ratio of PVDF and carbon black.
Model generation and analysis.-Finite element meshing was performed using a voxelation method to prevent mesh-induced singularities. The representative volume was set to 1 ϫ 1 ϫ 2 unit 3 . Voxels of 100 ϫ 100 ϫ 100 were assigned to a unit volume, which was the middle portion of the representative volume in the z direction. Assuming the representative volume in the z direction ranged from 0 to 2 units, the middle section was between 0.5 and 1.5 units in the z direction. A cubic element of length of 0.01 units enclosing the voxel was generated with an assigned electronic conductivity.
Because the form of the governing equations for heat transfer and electronic conductivity are identical, the existing heat-transfer analysis in the finite element package ABAQUS/STANDARD was used 48 for steady-state analysis, with heat flux and current flux governing equations
where 1 is the electronic conductivity in S/m, J is the current density in A/m 2 , V is the electrical potential drop in V along its length, 2 is the thermal conductivity in W/m K, F is the heat flux in W/m 2 , and T is the temperature drop in K. Wall boundary conditions were set as 0 and 1 K, respectively, at x = 0 and 1. The total heat flux in the x direction was calculated, whereupon effective conductivity of the cubic unit volume was determined via Eq. 6.
Results
Table III contains material properties, particle sizes, densities, and bulk conductivities used in simulations. Figure 4 reports the bulk conductivity of the carbon black and PVDF mixture. Increasing the carbon black content by 30 volume fraction ͑v.f͒ % resulted in a 16-fold increase in conductivity. The only exception to this trend was for a 1:1 ratio of PVDF to carbon, where measured conductivity dropped to 420 S/m, i.e., the same value as for the 2.2:1 ratio. Figure 5 shows examples of various microstructures ͑comprised of spherical active materials, graphite particles, and coated mixture of carbon black and PVDF͒ generated from collision modeling. Figure 5a illustrates an example of the microstructure of percolated network studied in the present work. Figures 5b and c illustrate the significant microstructural differences in materials of identical volume fraction but different particle shapes and sizes.
The voxelated finite element model of Fig. 6a and b is an example of a multiphase analysis used to avoid mesh singularities around the contact region. Figure 6a shows the temperature distribution of core material for a structure comprised of 30% active material, 7.5% graphite, and 40% porosity. Figure 6b shows the temperature distribution of coatings for a volume composition of 10.15% carbon black and 12.35% PVDF.
Simulation results of normalized conductivities of LiMn 2 O 4 system for various combinations of active materials, graphite, carbon black, and PVDF are reported in Fig. 7 . Averaged data were plotted in the figures, with error bars of ±1 ͑standard deviation͒. Figures of results of other systems are omitted for brevity, because trends were similar; numerical results are reported in Tables V-VIII. Averaged normalized simulation results of conductivity with 40 and 50% porosity are presented in Tables V-VIII. These tables Tables V-VIII show that volume fraction of graphite is significant for conductivity in some cases with 30% active material. For example, in Table VII , with 40% porosity, 30% active material, and PVDF/C of 1.21, the p value of 0.001 denotes the significant effect of increase in the volume fraction of graphite on the normalized conductivity. For this composition, the normalized conductivity increases from 4.03 ϫ 10 −3 to 1.21 ϫ 10 −2 with an increase in graphite from 0 to 7.5%. The statistical analysis results in Tables V-VIII show that the ratio of PVDF to carbon black is the most significant factor affecting conductivity. Values of p Ͻ 0.05 can be seen in almost every row in Tables V-VIII. For example, in Table VI , with 40% porosity, 30% active material, and 2.5% graphite, the p value of 0.005 indicates the significant effect of increase in the volume ratio of PVDF to carbon black on the normalized conductivity. In this composition, the normalized conductivity increases from 1.74 ϫ 10 −4 to 2.28 ϫ 10 −3 with a reduction in volume ratio from 5.48 to 1.21. Indeed, addition of graphite actually reduces conductivity when the PVDF coating is penalized for the addition of graphite. For example, in Table VII , with 40% porosity, 50% active material, and PVDF/C of 1.21, a p Ͻ 10 −4 denotes the significant effect of increase in the volume fraction of graphite on the normalized conductivity. In this composition, the normalized conductivity decreases from 1.24 ϫ 10 −3 to 1.18 ϫ 10 −4 with increase in graphite from 0 to 5%; meanwhile, because of increase in graphite, carbon black decreases from 4.51 to 2.26% and PVDF decreases from 5.49 to 2.74%. The effect of reduction of conductivity can be found in cases with 40% porosity and 50% active material shown in Table V , VI, and VII.
Discussion
Simulations of the computational intensity described here must necessarily represent rather small volumes; thus, examination of size effect is critical. Prior studies of overlapping 29 and nonoverlapping 50 spherical particles have shown that the error due to size effect of the domain is negligible for the ratio L/d ͑domain length to particle diameter͒ Ͼ2.5. The error in determination of effective properties was specifically found to be Ͻ1.8% for a periodic elastic composite with a disordered unit cell of a random dispersion of nonoverlapping identical spheres, 50 a similar system to simulations presented here. In all simulations here, the ratio of L/d Ͼ 3.3 was used to prevent any introduction of error.
Differences in arrangements of statistically similar structures, along with contrast ratios of properties in phases, result in variances in predicted effective properties in heterogeneous materials. These increased variances can be explained in terms of percolation of 
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͒.
Increasing the volume fraction of carbon black and PVDF appears to be the best strategy in improving overall conductivity for the materials and ranges of volume fractions studied. Active material particles, made conductive with a coating of carbon black and PVDF, achieved percolation because the volume fraction in studied cases ͑Ն30%͒ was larger than the percolation threshold ͑29%͒ for a 3D spherical particulate system. 29 This loading scheme can be thought of as achieving percolation in a system of hollow, conductive spheres, with the path of least resistance of electrons through the coating.
Clearly, there is an important tradeoff in considering the type of additive to use. It is advantageous to use highly conductive surface coatings, vs using larger particle conductive additives dispersed among active material particles, in many ranges studied. As demonstrated by calculated p values in Tables V-VIII, increasing the thickness of coatings improves conductivity for all cases studied, with the exception of cases with 40% porosity, 50% active material, and 5% graphite, as shown in Table V , VII, and VIII. In these cases, the coating thickness amounted to only 0.082, 0.091, and 0.097 m, respectively, or 0.92, 0.89, and 0.87%, respectively, of the diameter of a typical active-material particle. It seems likely that imperfections in coatings for these thin layers would substantially reduce the In Table IX we compared the effective conductivity of two different loading schemes around active-material particle. In both loading schemes, the PVDF/carbon black composite coating was included. From this table, we see that addition of a carbon nanofilm coating around active-material particles does not significantly improve laminate conductivity. Moreover, binder is required to maintain structural integrity of the composite electrode, regardless of other additives or treatments. Because of the relatively low conductivity of the binder, carbon black addition seems a reasonable way of improving conduction. 
Conclusion
A method is presented to simulate the particulate system of conductive additives in Li-ion battery cathodes and investigate the relationships among types of additives in improving conduction. The error due to size effect of the domain was negligible for the selected ratio L/d Ͼ 2.5. Variances in simulation results mainly arose from differences in arrangements of random structures. The model is capable of generating realistic microstructures of the cathode system and robustly predicting the effective conductivity with different types of conductive additives, e.g., conductive surface coatings and larger dispersed conductive additives.
A key finding was that the conductive coatings have a strong influence on overall conductivity because they substantially reduce contact resistance. Percolation was achieved due to the volume fraction of active material ͑Ն30%͒, which is greater than the theoretical percolation threshold ͑29%͒ for 3D spherical particulate systems. Generally, using carbon black/PVDF composite coatings is more advantageous than addition of conductors ͑e.g., graphite͒ to composite cathodes for all baseline materials. Overall, the best conductivity in each system studied was achieved by combination of 30% active material, 40% porosity, 7.5% graphite, 10.15% carbon black, and 12.35% PVDF.
Neither surface nor bulk modifications of active-material particle conductivities seem desirable targets for improvement of laminate conductivity for the ranges of materials studied. Our simulation results showed that the difference among the highest normalized conductivities of each system is only within 1 order in magnitude, while the conductivities of four active materials range from 5.91 ϫ 10 −1 to 5.56 ϫ 10 −4 S/m. Even with only 10% coatings ͑4.51% carbon black, 5.49% PVDF͒ in studied cases of 50% porosity and 40% active material, the overall conductivity was increased by at least 14.9 S/m, a value 25 times larger than the bulk conductivity of the active material. Further, an improvement of approximately 3 orders of magnitude in conductivity ͑PVDF/C: 7.6 ϫ 10 2 S/m vs LiFePO 4 : 5.91 ϫ 10 −1 S/m͒ of the active material would be required to offer substantial improvement in overall conductivity.
As part of future work, the trade-off between conductivity and capacity will be considered. Our next step is to incorporate the effect of improved conductivity in the simulations of battery performance in order to further optimize cathode design. 
